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Abstract: The combustion performance of hydrogen fuel in a scramjet combustor has been a popular focus for scholars all over
the world. In this study, the influence of the jet-to-crossflow pressure ratio on combustion performance in a scramjet combustor
was investigated numerically, and the influence of a wall-mounted cavity was evaluated. The simulations were conducted using
the Reynolds-averaged Navier-Stokes (RANS) equations coupled with the renormalization group (RNG) &-¢ turbulence model and
the single-step chemical reaction mechanism. This numerical approach was validated by comparing predicted results with pub-
lished experimental shadowgraphs and velocity and temperature measurements. When the pressure of the wall-injector increases,
the performance of the combustor decreases. At the same inflow condition, this may lead to a scram-to-ram mode transition. The
cavity adopted in this study would prevent pre-combustion shock waves from pushing out of the isolator and help to stabilize the

flow field, but it would decrease the mixing and combustion efficiencies.
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1 Introduction

The dual-mode scramjet engine is the most
promising propulsion system for hypersonic missions
(Curran, 2001). Scramjet or ramjet engines are able to
work at high temperatures because of their simple
structure. Also, these engines are much lighter when
providing the same thrust force as a turbine engine,
and therefore they consume less fuel. Therefore, these
engines should be able to work at much higher tem-
peratures, and be lighter at the same thrust level.
Hydrogen may be the most suitable fuel for these
engines because of its low ignition delay and better
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flame stability (Choudhuri and Gollahalli, 2000; Qin
etal., 2010; Cao et al., 2014). Mixing and combustion
efficiency are still key issues for scramjet engines,
because the fuel can stay in the combustor for only an
extremely short time, namely, less than a millisecond.
This issue has attracted increasing attention from
scholars all over the world.

Many techniques have been proposed to improve
the mixing and combustion efficiency while reducing
the drag or energy loss. These techniques include
different injection schemes (Turner and Smart, 2010;
Kim et al., 2011; Huang et al., 2012b; Tian et al.,
2015; Ogawa, 2016; Zhang et al., 2016), struts
(Huang et al., 2011¢c; Huang, 2015; Choubey and
Pandey, 2016), cavities (Micka and Driscoll, 2009;
Huang et al., 2011a, 2012a, 2012d, 2016c), cantile-
vered ramp injectors (Huang et al., 2013, 2015), and
their combinations (Fureby et al., 2015; Huang and
Yan, 2016). Among these injection techniques, nor-
mal or transverse injection schemes have been the
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subject of many recent studies (Huang and Yan, 2013;
Huang, 2016). Normal or transverse injection can
slow down the supersonic airstream and create sepa-
rate regions in the combustor. This should help to
stabilize the flame (Fureby et al., 2015).

Tian et al. (2015) investigated the combustion
performance of different injection schemes computa-
tionally and experimentally (by changing the loca-
tions of wall-injectors) at different equivalence ratios.
Combustion performance was judged mainly by
combustion efficiency, which may offer a reference
for injection schemes in different combustion modes.
However, the direct influence of the jet-to-crossflow
pressure ratio was unclear. Huang et al. (2014a) an-
alyzed the influence of the jet-to-crossflow pressure
ratio. They found that when injecting the hydrogen
fuel from both the top and bottom walls, the separa-
tion shock wave was pushed forward to the entrance
of the combustor, and the inlet unstart phenomenon
could be induced. With an increasing jet-to-crossflow
pressure ratio, the mixing efficiency decreased. These
results confirmed the conclusions from their previous
study (Huang et al., 2012b). However, combustion
efficiency was not analyzed.

The combination of wall-injection and a strut or
cavity has also been investigated by many scholars.
The strut and injectors on a strut can produce a re-
circulation region in the combustion area, which
would stabilize the flame effectively. However, this
method may cause a great pressure loss when the
inflow enters at a high Mach number (Gang et al.,
2011). A cavity draws fuel into it, creating a vortex
nearby. Thus, it can act as a stable flame holder, and
would cause much less pressure loss than a strut
(Gruber, 2004). Micka and Driscoll (2009) observed
two different combustion stabilization modes when
placing a wall-injector in front of a cavity, namely
cavity stabilized combustion and jet-wake stabilized
combustion. The difference between these modes is
caused mainly by different equivalence ratios. Huang
et al. (2016b) investigated a typical strut-based
scramjet combustor numerically, with a wall-injector

set at a distance of 15 mm behind the strut. Their
results showed that an increase in the jet-to-crossflow
pressure ratio expanded the subsonic area, but the
variation in combustion efficiency in different cases
was not clear.

For the same injector configuration, the jet-to-
crossflow pressure ratio determines the equivalence
ratio and affects the combustion mode in the com-
bustor. Therefore, it is necessary to investigate the
combustion performance of cases with different jet-
to-crossflow pressure ratios. The results may provide
a reference for the design of dual-mode scramjet
combustors.

In this paper, the influence of the jet-to-
crossflow pressure ratio on combustion performance
was investigated numerically, with the inflow enter-
ing at four different Mach numbers, namely 1.7, 1.9,
2.1, and 2.3. The jet-to-crossflow pressure ratio of the
wall-injector varied from 0 to 3.43, while that of the
strut-injector was fixed at 3.43 to ensure that the
equivalence ratio would be in a reasonable range,
namely from about 0.2 to 0.7. The influence of a
cavity was also evaluated.

2 Physical model and numerical method
2.1 Physical model

The physical model utilized in the current study
was based on a typical strut-based dual-mode scram-
jet combustor. The German Aerospace Center tested a
similar model (Oevermann, 2000). Huang et al.
(2016b) conducted a numerical study on this model as
well. Fig. 1 shows a schematic diagram of this model,
and its detailed information can refer to Yan et al.
(2018). Air entered the isolator at four different Mach
numbers, namely Ma=1.7, 1.9, 2.1, and 2.3. Details of
the parameters are shown in Table 1. The fuel was
injected into the combustor horizontally at the local
sonic velocity, and its total temperature was fixed at
1200 K. The jet-to-crossflow pressure ratio of the jet
was fixed at 3.43 on the strut, and varied from about
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Fig. 1 Schematic diagram of the strut-based dual-mode scramjet combustor
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1.7 to 3.43 on each wall. The composition of the air
was set at 23.2% O,, 0.032% H,0, and 73.6% N,, and
the fuel was pure hydrogen (H,).

Table 1 Details of the parameters of the air for different
Mach numbers

Ma Total tempera- Static pres- Total pres-
ture (K) sure (atm) sure (atm)
1.7 900 1.46 7.2
1.9 1300 221 14.8
2.1 1810 3.20 29.3
2.3 2400 3.90 48.7

1 atm=101.325 kPa

2.2 Numerical method

Numerical simulations were conducted using
Fluent 6.3.26 (Fluent, 2006). Two-dimensional com-
pressible Reynolds-averaged Navier-Stokes (RANS)
equations were adopted in this study, and the advec-
tion upstream splitting method (AUSM) and the im-
plicit second-order upwind scheme were employed for
spatial discretization. A density-based implicit solver
was utilized. The turbulence model chosen was a two
equation renormalization group (RNG k-¢) model
(Huang et al., 2011b). According to Huang et al.
(2011c), this model proved to be more accurate than
the shear stress transport (SST) k- model in simu-
lating the flow field of transverse slot cases when the
jet-to-crossflow pressure ratio was relatively low
(lower than 10). A comparison between the predicted
results obtained by the RNG k-¢ and SST k-w models
is shown in Section 3.

The governing equations were as follows
(Huang et al., 2012¢; Kummitha et al., 2018):
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where Y; is the mass fraction of chemical species, p is
the gas density, and u; and u; are the velocity com-

ponents in the x; and x; directions, respectively. P is
the pressure, and A is the total enthalpy per unit
volume. The heat flux vector ¢; due to conduction and
convection is given as

=—z—+th Yu,,, (5)
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where / is the thermal conductivity, and 7 is the static

temperature. The diffusion velocities u., were cal-
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culated using Fick’s law, which is given as
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The stress tensor 7;; was calculated using the Bous-
sinesq hypothesis, which relates the Reynolds stresses
to the mean strain tensor and is defined as
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where p and y; are the molecular and turbulent vis-
cosity coefficients, respectively. w; is the chemical
source term of species 7, and is calculated directly us-
ing temperature, density, and species mass fractions:
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e, is the total energy per unit volume, and
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where u, v, and w are the Cartesian velocity compo-
nents in x, y, and z directions, respectively. The state
equation of gas is

P= pRTZ—

i=1 [

(10)

where R is the universal constant of gas. W;, Dy, and
h; are the molecular weight, mass diffusion coeffi-
cient, and absolute enthalpy per unit mass of species i,
respectively.
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The transport equations for k and ¢ can refer to
Yan et al. (2018).

To reduce the computational cost, the single step
chemical reaction of hydrogen combustion was em-
ployed in this study, and this is the same as that
conduct by Yan et al. (2018).

The laminar finite rate model was adopted here
to simulate intense turbulent combustion, and it can
refer to Yan et al. (2018).

The boundary conditions were set to the pressure-
inlet for both the isolator entrance and the fuel jets,
and the pressure-outlet for the combustion outlet. All
the walls were fixed with no-slip condition. The
Courante-Friedrichs-Lewy (CFL) number was taken
as 0.5 at first, and as 2 or 5 to accelerate the conver-
gence when the computations became more stable. All
the gases were assumed to be ideal gases, and their
viscosity and thermal conductivities were computed
using the mass-weighted-mixing-law, while the spe-
cific heat (C,) was computed using the mixing-law.

The grids were generated using Gambit (Fluent,
2006), and the scale of the grid was about 100000
(Section 3). The grids were refined near the walls,
steps, strut, and fuel jet, so that the boundary layer or
shock-wave at important locations could be predicted
accurately. The height of the first cell near the walls
was 0.01 m, which ensured that the value of y" (a
non-dimensional parameter defined by Huang et al.
(20164a)) was proper for all the flow fields, namely its
maximum value was less than 25.0. A close-up view of
the grid around the strut and steps is shown in Fig. 2.

Fig. 2 A close-up view of the grid

3 Code validation

A typical dual-mode scramjet combustor was
used to provide data for evaluation of the numerical
method. The combustor (Fig. 3) was tested at the
German Aerospace Center (Oevermann, 2000), and
its detailed information can refer to Yan et al. (2018).
The details of the parameters of this experiment are
listed in Table 2.

According to the recent literature, both the two
equation renormalization group (RNG £-¢) model and
the two equation shear stress transport (SST k-w)
model are commonly used for these cases. The in-
fluence of turbulence on the chemical kinetics can be
simulated following the approaches developed using
the Gaussian quadrature technique (Smirnov et al.,
2010; Smirnov and Nikitin, 2014). The RNG k-¢
model was selected for its robustness and its ability to
fit the initial iteration (Guerra et al., 1991), while the
SST k-w model is better suited for prediction of
mixing layers and jet flows (Huang et al., 2012c¢). The
figures below compare the results computed by the
two turbulence models based on the same settings,
such as mesh scales, reaction model, and boundary
conditions.
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Fig. 3 A schematic of a typical dual-mode combustor

Air, Ma=2

—

All dimensions in mm

Table 2 Details of the parameters of the experiment

Value
Parameter -
Air Hydrogen fuel
Ma 2.0 1.0
Static temperature (K) 340 250
Static pressure (atm) 1.0 1.0
Y5, 0.232 0
x, 0.736 0
Yo 0.032 0
Y, H, 0 1

Fig. 4 shows a comparison of density contours
obtained using different turbulence models without
combustion, and an experimental shadowgraph. We
can see that the density contours obtained by the two
turbulence models were nearly the same. When
compared with Fig. 4c, the flow fields obtained by
numerical simulation were clearly very similar to
those from experimentation. The first shock wave is
formed at the tip of strut, and then reflected on the
walls. While the first expansion wave is formed at the
tail of the strut, it is also reflected on the walls. There
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is a complicated interaction phenomenon between
shock waves and expansion waves. However, there
are some differences between the computational fluid
dynamics (CFD) simulation and the experiment as
well. For example, in the experimental shadowgraph
(Fig. 4c) the fuel-air mixing layer is rapidly weakened
downstream of the first intersection of the reflected
shock waves, and nearly disappears at the second
intersection point. In the two density contours ob-
tained by numerical simulation, that mixing layer
remains obvious, even at the second intersection
point.

Fig. 5 shows a comparison of density contours
obtained by the different turbulence models with
combustion, and an experimental shadowgraph. The
two density contours obtained by CFD are very sim-
ilar to each other. Comparison with Fig. 5S¢ shows that
the reaction zone predicted by numerical simulation is
broader than that obtained by the experiment. Also,
the decay rate of waves is greater, while the flow

‘fj \\Sjj// =

<

fields are similar. Shock waves formed at the tip and
expansion waves formed at the tail of the strut are
reflected between the wall and the fuel-air mixing
layer. The reaction zone slowly broadens reaching its
maximum width when the expansion waves are re-
flected from the reaction zone boundary. To sum up,
both turbulence models can predict the combustion
flow field structures suitably.

Fig. 6a shows a comparison of wall static pres-
sures obtained by the two turbulence models and by
experiment. The pressure distributions obtained by
both models fit well with the experimental data at
most points, but there is some deviation in the pre-
diction of peak values at x=120 mm and 170 mm. This
may be caused by the assumption of a 2D model, and
these results should be validated by a 3D simulation
in the near future. The stochastic error accumulation
is proportional to the number of time steps and de-
pends on the accuracy of the scheme and its ap-
proximation error (Smirnov et al., 2015), but this is

e

100 120 140 160 180 200 220 240
x (mm)

(b)

Fig. 4 Flow field comparison without combustion
(a) Density contour obtained by RNG k-¢; (b) Density contour
obtained by SST k-w; (c) Experimental shadowgraph

Fig. 5 Flow field comparison with combustion
(a) Density contour obtained by RNG £-¢; (b) Density contour
obtained by SST k-w; (c) Experimental shadowgraph
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beyond the scope of this paper. Fig. 6b shows a
comparison of horizontal velocity distributions along
the middle line (y=25 mm). The predicted results
obtained by the two models differ from the experi-
mental data at the maximum and minimum values,
but the variable trends are similar. At this point, the
RNG fk-¢ model has a slight advantage over the SST
k- model. Both models can predict most features of
the flow field, but the RNG k-¢ model would be
slightly better than the SST k- model in this case.
Fig. 7 shows the horizontal velocity profiles at
three different streamwise cross-sections (x), namely
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Fig. 6 Comparison of wall static pressures obtained by the
two turbulence models and by experiment (a) and hori-
zontal velocity distributions along the middle line (y=
25 mm) (b)

50

45

CFD
—_——— Oevermann (2000)
A Experiment ‘&

w
S
EEEREEES LENEE RS EEEy - AN N EEEEEEEE AREEE REEE
T T T T T T T T

ol b Ly 1 N
-100 0 100 200 300 400 500 600 700 800

u (m/s)
(a)

50

45

40

35

30

25

y (mm)

20

CFD
—_—— Oevermann (2000)
a Experiment

SN A ERAEE RN LEERE EREE RERNE ERREE RRREE RERR
>

WEWL AT TS Wy | Tl Ly oo
Q00 200 300 400 300 600 _ 700 800

u (m/s)
(b)
50 B Y
= |
45 :— A'
s A
40 - Ay
E .
35k A
- A
30 R
~ F i
E = AA
25
= -
20 o
. !A
15E L
- A
0E CFD N
== Oevermann (2000)'_
sk 4 Experiment !
- A,
i Il N b
400 500 600 700 800 900 1000
u (m/s)
(c)

Fig. 7 Horizontal velocity profiles at three different
streamwise cross-sections: (a) x=78 mm; (b) x=125 mm;
(c) x=207 mm
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(a) x=78 mm, (b) x=125 mm, and (c¢) x=207 mm,
compared with the results obtained by Oevermann
(2000). In Fig. 7a, the peak value at y=25 mm ob-
tained by CFD is lower than that of the experimental
data. This is because the reaction model used here
would cause a higher heat release rate, and the hori-
zontal velocity near the fuel jet would be smaller than
it should be. In Fig. 7b, the profiles obtained by CFD
fit well with the experimental data. In Fig. 7c, the
profiles obtained by CFD are quite different from
those of the experimental data in the range 20 mm<
y<40 mm. This deviation may be inherent in this kind
of simulation.

Fig. 8 shows the static temperature profiles at
three different streamwise cross-sections, namely (a)
x=78 mm, (b) x=125 mm, and (¢) x=233 mm, com-
pared with the results of Oevermann (2000). In
Fig. 8a, the CFD results have only one peak value
while the experimental results have two, resembling
the results of the horizontal velocity profiles at x=
78 mm. In Fig. 8b, the CFD results are more similar to
the experimental data compared to the results of
Oevermann (2000), but the peak value is a little larger
than that of the experimental data. In Fig. 8c, the static
temperature obtained by CFD is higher than that of
Oevermann (2000) and the experimental data at
20 mm<x<40 mm, and this might be induced by the
deviation of the reaction model.

The grid independency analysis for this physical
model was conducted by Yan et al. (2018), and a
mesh scale over 101400 would not greatly affect the
simulation. Therefore, the mesh with 101400 nodes
was chosen to carry out the following simulation in
order to save computing resource.

4 Results and discussion
4.1 Strut-based combustor

The combustor was numerically simulated under
four different inflow conditions, namely Ma=1.7, 1.9,
2.1, and 2.3. There were five different injection
schemes (cases a, b, ¢, d, and e) for each inflow con-
dition. Table 3 shows the value of wall-injection
pressure Pj.,, for different inflow conditions. For each
inflow condition, the pressure of strut-injection was
fixed at 3.43 times the inflow pressure.

50

45

40

35

30

AN RSN REERNRRNEE RN R EEE EEEEE ERREE RRRE

20

_
£ 2
=~
20
15
10
£ & 0 === Ocevermann (2000)
- A Experiment
P SN NN i SN FRUIN FRREN EUREN FUREE FRUEY RN P
0 200 400 600 800 1000 1200 1400 1600 1800 2000
T (K)
(a)
50
45 -
40k
35F
30
’g =
25 -
E “F
-~ -
20
15F
10
- ——<CFD
£ 4 = -Oevermann (2000)
- 4 Experiment
o b N
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
T (K)
(b)
50
45
40
35k
30
— 30F
E f
E asF
~ F

————— Oevermann (2000)
i A Experiment

ol ol b b b b b b b
200 400 600 800 1000 1200 1400 1600 1800 2000 2200

T (K)
(c)
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4.1.1 Inlet Mach number of 1.7

Fig. 9 shows a comparison of the Mach number
contours and wave structures with different wall-
injection pressures P;.,, when the air enters at Ma=1.7.
For these five cases, the strut-injection pressure Pj.g
was fixed at 5.0 atm, which was 3.43 times the static
pressure of the main flow. Clearly, when P, in-
creases from 0 to 4.0 atm, the pre-combustion shock
waves move towards the entrance of isolator. When
P;.>3.5 atm, the pre-combustion shock waves would

Table 3 Wall-injection pressure for different cases

Wall-injection pressure (atm)

Case
Ma=1.7 Ma=1.9 Ma=2.1 Ma=2.3
a 0 0 0 0
b 2.5 4.0 6.0 7.0
c 3.0 5.0 7.5 9.0
d 3.5 6.0 9.0 11.0
e 4.0 7.58 10.99 13.36

HE T W

Ma: 0.00 0.14 0.29 0.43 0.57 0.71 0.86 1.00
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Fig. 9 Comparison of the Mach number contours and
wave structures at different wall-injection pressures: (a)
P;.=0; (b) P;.,=2.5 atm; (c) P;.,=3.0 atm; (d) P;.,=3.5 atm;
(e) P;.,=4.0 atm

be pushed out of the isolator, and this would have a
great effect on the inlet performance. The flow field
downstream of the strut also clearly differs.

Fig. 10 shows a comparison of combustion
performance for different wall-injection pressures
when the main flow enters at Ma=1.7. Performance
parameters include mixing efficiency #,, combustion
effciency 7., mass-weighted average Mach number,
and total pressure recovery o;. Higher mixing and
combustion efficiency means better fuel economy,
while a higher average Mach number and total pres-
sure recovery means a lower energy loss. The defini-
tions of mixing efficiency 7, and combustion eft-
ciency 7. are as follows (Segal, 2009):

rhfuel,mixed JareampudA
77m = . = * (1 1 )
mfuel,lotal J‘ ap UdA
Herein,
a, as astoic >
areact = (1 2)
a(l - a)/(l - astoic )’ a> astoic >
no=1- sl — (13)
aO mt‘uel,total / mtotal

where o is the located mass fraction of fuel, Oieact 1S
the fraction of fuel that has been well mixed and can
react, and a;c 1S the stoichiometric mass fraction (for
H,, this value should be 0.0293) (Huang et al., 2016b).
a is the mass-weighted average mass fraction of fuel
at one section, and o is the initial fraction of fuel.
Mg 0w 18 the total injectant flow rate, and m,, is

total
the total flow rate. As the wall-injection pressure Pj.,
increases, the mixing efficiency #,, takes longer to
reach 1.0 (Fig. 10a). When there is no wall-injection,
#m 1s higher at first, then soon becomes lower than
that of the case with P;.,=2.5 atm, but remains higher
than those of other cases. This indicates that proper
wall-injection would improve the degree of turbu-
lence of the flow field. As the wall-injection pressure
Pj. increases, the combustion efficiency 7. decreases
monotonically (Fig. 10b). For all cases with
wall-injection, the growth rates of #. are high at first,
but then decline, indicating that most of the chemical
reaction process takes place in the first half of the
combustor. When there is wall-injection, the subsonic
region is much larger (Fig. 10c), and for all cases with
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Fig. 10 Comparison of combustion performance at different wall-injection pressures when the main flow enters at
Ma=1.7: (a) mixing efficiency; (b) combustion efficiency; (c) mass-weighted Mach number; (d) total pressure recovery

wall-injection, the combustor works in ramjet mode.
This is judged by the average Mach number at the
interval 300 mm<x<400 mm. When the combustor
works normally (pre-combustion still in isolator,
namely P;.,=2.5 or 3.5 atm), the pressure recoveries
are similar, and obviously larger than in the case with
only strut injection (Fig. 10d).

4.1.2 Inlet Mach number of 1.9

Fig. 11 shows a comparison of the Mach number
contours and wave structures with different wall-
injection pressures Pj.,, when the air enters at Ma=1.9.
For these five cases, the strut-injection pressure Pj is

fixed at 7.58 atm, which is 3.43 times the static
pressure of the main flow. When the Mach number of
the main flow increases to 1.9, the pre-combustion is
not pushed out of the isolator, but it is still pushed
away from the inlet of the combustor slightly when
the wall-injection pressure increases. Apart from the
variation in the flow field in front of the strut, there
are no significant differences in Figs. 11b—11e.

Fig. 12 shows a comparison of the combustion
performance for different wall-injection pressures
when the main flow enters at Ma=1.9. In Figs. 12a
and 12b, we can still see the same trend in #,, and 7,
when the wall-injection pressure varies, namely they
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decrease when Pj.,, increases. However, in the case
without wall-injection, performance is poor: its mix-
ing efficiency is better only than that of Pj.,=7.58 atm
and its combustion efficiency is the lowest. In
Fig. 12¢c, there are significant differences between
cases, and in the case with Pj.,=4.0 atm a mode tran-
sition is about to occur (its Mach number at 300 mm
<x<400 mm is around 1.0) (Huang et al., 2014b). In
the cases with Pj,>5.0 atm the combustor is still
working in ramjet mode, and it would work in
scramjet mode when there is no wall-injection. In
Fig. 12d, cases with wall-injection have a similar total
pressure recovery at the outlet, which is apparently
higher than in the case with only strut-injection.

4.1.3 Inlet Mach number of 2.1

Fig. 13 shows a comparison of the Mach number
contours and wave structures with different wall-
injection pressures Pj.,, when the air enters at Ma=2.1.
For these five cases, the strut injection pressure Pj is
fixed at 10.99 atm, which is 3.43 times the static
pressure of the main flow. For all cases, the main flow
enters the combustor at supersonic speed. As the
wall-injection pressure Pj, increases, the pre-
combustion shock waves generated at the entrance of
the combustor gradually strengthen. As a result, the
separation zones generated on the upper and lower
walls gradually grow. When P;.,=10.99 atm, there are
some small subsonic regions in front of the strut.

Fig. 14 shows a comparison of combustion
performance for different wall-injection pressures
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when the main flow enters at Ma=2.1. In Figs. 14a
and 14b, the mixing and combustion efficiency de-
creases slightly when the wall-injection pressure de-
creases. In Fig. 14c, in the cases with Pj,>7.5 atm,
the main flow decelerates to subsonic at the tip of the
strut (about x=250 mm), and then accelerates to su-
personic at about x=350 mm. Thus, these cases may
be at the transition point of ram to scram. The average
Mach number decreases as the wall-injection pressure
decreases. Note that compared with the cases with air
entering at lower Mach numbers, the average Mach
number is the largest. In Fig. 14d, the curves obtained
by different wall-injection pressures are almost the
same, and a little higher than those in the case without
wall-injection at about 0.5.

4.1.4 Inlet Mach number of 2.3

Fig. 15 shows a comparison of the Mach number
contours and wave structures with different wall-
injection pressures P;.,, when the air enters at Ma=2.3.
For these five cases, the strut-injection pressure P;.; is
fixed at 13.36 atm, which is 3.43 times the static
pressure of the main flow. The main flow does not
decelerate to subsonic until it reaches the tip of the
strut, and the pre-combustion shock waves have been
totally swallowed. As the wall-injection pressure
increases, the separation zones generated on the up
and lower walls and at the tip of the strut gradually
grow, and the separation zones in front of the wall
injections become larger. For cases with P;.,<9.0 atm,
the flow field is seriously asymmetric (Figs. 15a—15c).
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Fig. 13 Comparison of the Mach number contours and wave structures with different wall-injection pressures at Ma=2.1
(a) Pj.w=0; (b) P;.,=6.0 atm; (c) P;.,=7.5 atm; (d) Pj.,=9.0 atm; (e) Pj.,=10.99 atm
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There is a large subsonic separation zone on the bot-
tom wall near the tip of the strut, but only a very small
one at the same location on the top wall.

Fig. 16 shows a comparison of combustion
performance for different wall-injection pressures
when the main flow enters at Ma=2.3. As observed
above, the mixing and combustion efficiency de-
creases as the wall-injection pressure increases, but
the combustion for the case without wall-injection is
the lowest. This indicates that the fuel has insufficient
time for reaction at such a Mach number in this case.
The average Mach number obtained by the case with
only strut-injection is much higher than that obtained
by the others (Fig. 16c). This indicates that injection
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into a main flow of Ma=2.3 in such a way would
cause a huge loss of energy. The total pressure ob-
tained by the case with only strut-injection is higher
than those obtained by the others (Fig. 16d), and this
is opposite to the results observed above. This sug-
gests that the additional heat release cannot counter-
act the loss of energy caused by wall-injection.
Therefore, a more efficient and stable combustion
organization is required for this high Mach number.

4.2 Strut-cavity combustor

The discussion above indicates that the com-
bustor with a single strut employed here has some
defects in some cases. For example, it would push the
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Fig. 16 Comparison of combustion performance at different wall-injection pressures when the main flow enters at Ma=2.3
(a) Mixing efficiency; (b) Combustion efficiency; (c) Mass-weighted Mach number; (d) Total pressure recovery
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pre-combustion shock waves out of the isolator easily
when operating in ramjet mode, and would not be
stable enough or suffer too much energy loss when
operating in scramjet mode.

In this section, we discuss the results when two
cavities are added to this combustor (Fig. 17). The
cavities are symmetrical about the centerline, and are
5 mm high and 15 mm wide. The trailing edge of the
cavities is at 45°. The cavities used here are a kind of
typical open cavity, and provide a large low-velocity
area for the diffusion and combustion of fuel. In the
following section, we describe the results of numeri-
cal simulations conducted using the same settings.
The only different variable is the combustor model.

< H;Ma=l

45
15 mm| pai

15 mm

5 mm

25 mm

Fig. 17 Location and size of the cavities

4.2.1 Inlet Mach number of 1.7

Figs. 18 and 19 show a comparison of Mach
number contours and wave structures for a single strut
and a strut cavity combustor, respectively, when the
main flow enters the isolator at Ma=1.7. Compared
with the results of the single strut combustor, the
pre-combustion shock waves in the strut-cavity
combustor are closer to the entrance. As a result, the
pre-combustion shock waves are not pushed out of
isolator until the wall-injection pressure increases to
4.0 atm. This means that the combustor with cavities
can work with a higher wall-injection pressure, but at
a price of a lower Mach number behind the strut,
because of much larger subsonic zones.

Figs. 20 and 21 (p.446) allow a comparison of
the combustion performance of the two combustors at
different wall-injection pressures when the main flow
enters at Ma=1.7. When the cavities are present, the
mixing efficiency decreases slightly, and the case
without wall-injection is affected (compare Fig. 20a

with Fig. 21a). The combustion efficiency also de-
clines when using the strut-cavity combustor (com-
pare Fig. 20b with Fig. 21b). The average Mach
number obtained by the strut-cavity combustor is
slightly lower than that obtained by the single strut
combustor (compare Fig. 20c with Fig. 21¢). The
strut-cavity combustor has an advantage over the
single strut combustor in terms of total pressure re-
covery (compare Fig. 21d with Fig. 22d (p.446)). This
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Fig. 18 Mach number contours and wave structures ob-
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Fig. 21 Comparison of combustion performance using a strut-cavity combustor at different wall-injection pressures
(a) Mixing efficiency; (b) Combustion efficiency; (c) Mass-weighted Mach number; (d) Total pressure recovery
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result may be a little unexpected. Generally, the cavity
would improve the mixing and combustion efficiency
because it enlarges the low-velocity zone. However,
the length of the cavity may be too small to allow the
formation of a recirculation zone near the cavity
(Mahto et al., 2016). However, this kind of cavity can
reduce the interaction between pre-combustion shock
waves and the intense pressure rise caused by com-
bustion, thereby helping to stabilize the combustion.

4.2.2 Inlet Mach number of 2.1

Figs. 22 and 23 allow a comparison of the Mach
number contours of the two combustors when the
main flow enters the isolator at Ma=2.1. Ma=2.1
might be the transition point for this combustor, so
this is a meaningful comparison. When employing the
strut-cavity combustor, the separation zones gener-
ated on both the upper and lower walls are smaller
than when a single strut combustor is used, especially
when the wall-injection pressure is lower. The shock
waves in front of the strut are also much weaker. At
this point, the use of cavities may precipitate the
transition from ramjet to scramjet, because a signifi-
cant phenomenon of the scramjet mode is the disap-
pearance of pre-combustion shock waves. Behind the
strut, the cavities cause a more intense interaction
between the reflected shock wave and the mixing
layer, thereby creating larger subsonic regions.

Figs. 24 and 25 (p.449) allow a comparison of
combustion performance at different wall-injection

175 200 225 250 275 300 325 350 375
X (mm)

(a)

400 425

e Dy ovsioee psperensVopsviion. DM L ) 5 L 0 i i il i i)
400 425

175 200 225 250 275 300 325 350 375
x (mm)

(c)

T T e ). AT T T T
175 200 225 250 275 300 325 350 375 400 425
x (mm)

(e)

pressures for the two combustors, when the main flow
enters at Ma=2.1. The results here are similar to those
at Ma=1.7. Compared with the single strut combustor,
the strut-cavity combustor has a lower mixing and
combustion efficiency, lower average Mach number,
and better total pressure recovery. Note that in
Fig. 24d, the total pressure recovery of the case
without wall-injection is lower than that of the others,
but in Fig. 25d, the results are opposite. This situation
is similar to the case using a single strut combustor at
Ma=2.3 (Fig. 16d).

5 Conclusions

In this study, the influence of wall-injection
pressure on a typical strut-based dual-mode scramjet
combustor was investigated numerically, and the
effect of typical cavities evaluated qualitatively. By
comparing the Mach number contours and wave
structures, mixing and combustion efficiency, 1D
mass-weighted average Mach number, and total
pressure recovery, we have come to the following
conclusions:

1. The wall-injection pressure has a great influ-
ence on the flow field structures, especially the
ram-to-scram mode transition and the combustion
performance. A high wall-injection pressure will
cause some problems: in the ramjet mode, it might
push the pre-combustion shock waves out of the
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Fig. 23 Mach number contours and wave structures obtained by a strut-cavity combustor at different wall-injection
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Fig. 24 Comparison of combustion performance using a single strut combustor at different wall-injection pressures at Ma=2.1
(a) Mixing efficiency; (b) Combustion efficiency; (c) Mass-weighted Mach number; (d) Total pressure recovery

isolator, while in scramjet mode, the combustor is
likely to suffer huge energy loss because of the high
wall-injection pressure. For all the cases studied, a
wall-injection pressure of about half of the strut-
injection pressure seems to be the best.

2. The cavity adopted in this study would pre-
vent the pre-combustion shock waves from pushing
out of the isolator and help to stabilize the flow field,
but it would decrease the mixing and combustion
efficiency. Clearly, there is a great scope for further
investigation of the optimization of the strut-cavity
combination. At the same time, a cavity has been
shown to reduce the transition time from the scram
mode to the ram mode, implying that a combustor
with a cavity is beneficial for the scram mode.
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